Abstract The occurrence of DNA modification is an undesired phenomenon accompanying plant cell transformation. The event has been correlated with the stress imposed by the presently utilised transformation procedures, all depending on plant differentiation from in vitro cell culture, but other causes have not been excluded. In this work, transgenic Arabidopsis thaliana plants have been produced by an approach that does not require cell dedifferentiation, being based on in planta Agrobacteriummediated gene transfer by flower infiltration, which is followed by recovery and selection of transgenic progeny. Genomic DNA changes in transgenic and control plants have been investigated by AFLP and RAMP analysis. Results show no statistically relevant genomic modifications in transgenic plants, as compared with control untreated plants. Variations were observed in callusderived A. thaliana plants, thus supporting the conclusion that somaclonal variation is essentially correlated with the stress imposed by the in vitro cell culture, rather than with the integration of a foreign gene.
Introduction
defined somaclonal variation as the sum of genetic and epigenetic changes that occur in the clonal progeny of a single parental plant clone and that are stably inherited by the clonal and sexual progeny. The occurrence of somaclonal variants has been documented at the molecular as well as at the morphological and functional level (Karp 1991; Cervera et al. 2000; Etienne and Bertrand 2003) .
Somaclonal variation has been shown to be triggered in plants that have undergone stress of different nature, such as adverse environmental conditions and cell culture in the dedifferentiated state (in vitro culture) (Cullis and Kolodynska 1975; Cullis and Cleary 1986; Cullis 1990; Phillips et al. 1994) . In general terms, DNA changes are believed to be the consequence of a disturbance of the normal cellular control. However, very little is known about the mechanisms that trigger such changes. Information on this phenomenon is highly desirable, since there is a need to suppress it in some cases (e.g. in transgenic plant production) or to exploit it in others (e.g. in plant breeding). In absence of tools for intervention on the primary cellular events of somaclonal variation, research has focused on the search for tools to verify its occurrence and on the description of conditions that trigger it.
Somaclonal variation occurs in transgenic plants. It has been observed in different transgenic plant populations, such as rice (Bao et al. 1993; Arenciba et al. 1998; Labra et al. 2001) , barley (Bregitzer et al. 1998) , tomato (Soniya et al. 2001) , potato (Dale and McPartlan 1992; Beaujean et al. 1998) , poplar (Wang et al. 1996) , cotton (Sachs et al. 1998) , tobacco (Touraev et al. 1997 ) and sugarcane (Arencibia et al. 1999 ). The analysis of three successive generations of self pollinated transgenic rice plants has shown that genomic changes are carried to the progeny, where they segregate upon sexual reproduction (Bao et al. 1993) . Variation has been correlated with the stress imposed by the presently utilised transformation procedure, depending on plant differentiation from in vitro cell culture. The extent of somaclonal variation, calculated as frequency of DNA changes, has been correlated with the extent and severity of the in vitro stress (Sala et al. 2000; Labra et al. 2001 ).
An open question remains: can we get rid of somaclonal variation in transgenic plants by avoiding the in vitro culture steps?
In the present paper, this problem has been investigated by verifying the occurrence of genomic changes in transgenic Arabidopsis thaliana plants produced with the 'floral-dip' approach. This Agrobacterium-mediated approach, based on in planta flower infiltration, is unique in the fact that it does not require in vitro cell culture (Bechtold et al. 1993) . This leads to direct uptake of the bacterial plasmid DNA by the egg cells (or their progenitor cells) and to integration of the foreign DNA into the nuclear DNA of recovered transgenic seeds (Clough and Bent 1998; Ye et al. 1999; Bechtold et al. 2000; Desfeux et al. 2000) .
Genomic DNA changes have been investigated by AFLP and RAMP analysis. AFLP and RAMP markers allow simultaneous analysis of a large number of loci in different genomic sites and provide stable and reproducible patterns of band amplification.
Results show no statistically relevant genomic changes in transgenic plants obtained by this approach, as compared with control untreated plants. Genomic changes were observed in callus-derived A. thaliana plants, thus suggesting that somaclonal variation is correlated with stress imposed by the in vitro cell culture and not by integration of a foreign gene.
Materials and methods

Plant material and DNA extraction
A. thaliana (cv. Wassilewskija) transgenic plants were produced through the floral-dip method (Clough and Bent 1998) . Agrobaceterium tumefaciens strain GV3101 (pMP90) was transformed with the plasmid pBINmgfp5-ER carrying the GFP and nptII genes coding for the green fluorescent protein and for kanamycin resistance, respectively. Both genes were under the control of the CaMV 35S promoter (http://www.plantsci.cam.ac.uk/Haseloff/docs/LabPDFs/mgfp5ER).
Ten A. thaliana plants (T 0 population) were transformed by the floral-dip technique. Seeds obtained from these plants were divided into two groups. The first group was germinated in Magenta boxes containing MS medium (Murashige and Skoog 1962) supplemented with 100 μg ml −1 kanamycin. The second was germinated in the same conditions, except that kanamycin was omitted and plantlet selection was performed on the bases of GFP fluorescence, as verified by visual inspection with a Leica DC100 FLUO Stereomicroscope (Leica Microsystems, Milan, Italy) .
Eight plants (T 1 generation) selected for kanamycinresistance and eight plants selected for GFP fluorescence were randomly recovered within each of the ten offspring. The transgenic and control plant populations (a-e) to be analysed were composed as follows: DNA was extracted from young basal leaves, using the Plant Tissue Kit (Qiagen, Calif., USA), following the manufacturer's instructions.
AFLP analysis
AFLP analysis was performed as described by Labra et al. (2001) , except that genomic DNA (200 ng) was digested with EcoRI (0.5 U) and MseI (0.5 U) for 3 h before ligation to EcoRI and MseI adapters (5 pmol and 50 pmol, respectively). Pre-amplification was performed using the primer pair M01 and E01, and selective amplification using one of the following ten primer pairs: E31-M36, E31-M40, E33-M37, E33-M40 E34-M40, E37-M36, E37-M38, E39-M32, E39-M33, or E39-M40. Primer sequences are shown in Table 1 . A total of 1.5 μl of the PCRamplified mixture was added to an equal volume of loading buffer (80% formamide, 1 mg ml −1 xylene cyanol FF, 1 mg ml −1 bromophenol blue, 10 mM EDTA, pH 8.0), denatured for 5 min at 92°C, loaded onto a 5% denaturing polyacrylamide gel and electrophoresed in TBE electrophoresis buffer for 3 h at 80 W. The gel was finally fixed in 10% acetic acid and exposed to an X-ray film for 24 h. Results were confirmed by duplicate AFLP analysis. Polymorphic bands were scored by visual inspection of the resulting autoradiograms.
RAMP analysis RAMP analysis was performed by amplifying genomic DNA (10 ng), essentially as described by Wu et al. (1994) . The K7 and K5 microsatellite primers (Table 1) were endlabelled with γ[ 33 P]-ATP (Amersham, Italy). The reaction mixture (10 μl) contained 0.1 μM of one of the two labelled primers, 0.2 mM RAPD primers (J8 and OPH 19), 200 μM of each dNTP, 0.5 U of Dynazyme polymerase (Finzyme, Finland) and Dynazyme buffer as specified by the supplier. PCR amplification was performed with a programmable thermal cycler (Techne) with the following protocol: 95°C for 3 min (one cycle), 95°C for 20 s, 32°C for 1 min, 72°C for 1 min (35 cycles), and 72°C for 7 min (one cycle).
Statistical analysis
Each AFLP and RAMP band was scored as a binary character for absence (0) or presence (1), and genomic variability within each analysed plant population was calculated as described in Table 2 . In the case of RAMP, no polymorphism was detected; thus, results were sufficiently simple as to be directly interpreted. Indexes to define genomic variability among plants, based on the AFLP analysis, are described in Table 2 . The UPGMA dendrogram showing genomic distance was computed, in accordance with numeric taxonomy principles, with the simple matching (SM) coefficient (Sneath and Sokal 1973) by using the NTSYSpc, version 2.1, statistical programme.
Results
A. thaliana T 0 plantlets were transformed with an A. tumefaciens strain carrying the nptII and the GFP genes by using the floral-dip approach. Seeds (T 1 generation) were germinated and transgenic plants were selected for kanamycin resistance or GFP fluorescence emission (populations a and b, respectively). Controls were: population c (non-transgenic individuals selected within the b population), population d (individuals obtained from the seeds of non-transgenic plants) and population e (plants regenerated from callus culture).
DNA was purified from each individual, and genomic changes were investigated by AFLP and RAMP analysis. For AFLP was analysis, ten different DNA primer pairs were used as specified in "Materials and methods." Altogether, the analysis revealed a total of 524 DNA bands, 31 (6%) of which were polymorphic.
Descriptive statistics of AFLP marker polymorphism in the analysed plant populations are given in Table 2 . They shows that 77 and 75 transgenic plants within the 80 individuals of the a and b transgenic populations, respectively, did not show any DNA polymorphism. The remaining three and five plants in the two populations showed three and seven polymorphic bands, respectively.
An analogous polymorphic band frequency was found in the control populations, (c and d) as shown in Table 2 . Thus, altogether the results show a comparable level of polymorphism in the transgenic plants (a and b) and in the non-transgenic ones (c and d).
The results reported above were substantially different from those obtained in the analysis of the e population, where all plants obtained from callus culture were found to carry DNA modifications. The DNA of the 18 analysed plants showed a total of 31 polymorphic bands. Their numbers ranged from one to ten per individual plant. Polymorphic DNA bands in the different regenerated plants were unique: only seven of them were present in more than one plant.
Values calculated from the experimental data for the percentage of polymorphism and polymorphic information content (PIC) indexes agreed with the conclusion that the e population is characterised by a considerably higher level of DNA polymorphism.
Values estimated for all other considered indexes agreed with the same conclusion ( Table 2) . In fact, when gene diversity (GD) among all analysed plants was computed, the highest value was detected in the e population, as compared with other analysed samples. Genomic variability for each population was also evaluated by applying the Sh, Na and Ne indexes, all of them assessing allele richness. Data of Table 2 show the highest Sh, Na and Ne values in the case of the e population.
A dendrogram, based on the data produced by AFLP analysis, was constructed. This shows genomic similarity 5′-GAT GAG TCC TGA GTA AA-3′ E31 5′-GAC TGC GTA CCA ATT CAA A-3′ E33 5′-GAC TGC GTA CCA ATT CAA G-3′ E34 5′-GAC TGC GTA CCA ATT CAA T-3′ E37 5′-GAC TGC GTA CCA ATT CAC G −3′ E39 5′-GAC TGC GTA CCA ATT CAG A-3′  M32  5′-GAT GAG TCC TGA GTA AAA C-3′  M33  5′-GAT GAG TCC TGA GTA AAA G-3′  M36  5′-GAT GAG TCC TGA GTA AAC C-3′  M37  5′-GAT GAG TCC TGA GTA AAC G-3′  M38  5′-GAT GAG TCC TGA GTA AAC T-3′  M40  5′-GAT GAG TCC TGA GTA AAG C-3′  K5  5′-CCA GGT GTG TGT GTG T-3′  K7  5′-CAA CTC TCT CTC TCT-3′  J8  5′-CATACCGTCC-3′  OPH19  5′-CTGACCAGCC-3′ among all analysed transgenic and control plants (Fig. 1) .
The SM coefficient among all analysed samples varied from 1.0 (full genomic similarity) to 0.98, showing low genomic variability among the analysed plants. The dendrogram demonstrates that the a, b, c and d populations, which had not undergone in vitro culture, are characterised by very high genomic similarity, regardless of the integration of the foreign gene. This is at variance Gene diversity (GD). It is determined over all loci where pi is the frequency, in each group, of the i allele at each locus; and n is the number of individuals in each group of samples (Nei 1987 from plants of the e population (regenerated from in vitro culture), all of which plot in different positions. In agreement with these data, the GD value for the e population was significantly higher than that calculated for all other populations. This was particularly true for plants e13, e15, e18, e1, e2 and e14 of the dendrogram. The genome of the five populations was also analysed with the RAMP approach to specifically verify DNA polymorphism in genomic repeated sequences. Four different RAMP primer combinations (K5-J8, K7-J8, K5-OPA19 and K7-OPA19) were used. The number of amplified bands ranged from 26 to 41 in each case. No polymorphic bands were detected.
Discussion
It has been largely demonstrated that gene transfer into plants is associated with genomic modifications, and that these are inherited by the sexual and the clonal progeny (Sala et al. 2000) . It has also been revealed that the extent of this variability is correlated with the transformation procedure and with the plant species. For instance, in the case of transgenic poplar produced via A. tumefaciens infection, the DNA of the totality of recovered transgenic plants was dissimilar from each other (Wang et al. 1996; Sala et al. 2000) . Consistent genetic variability was also observed in the case of transgenic rice, when produced by protoplast transformation (Bao et al. 1993) , particle bombardment, electroporation (Arencibia et al. 1998) and A. tumefaciens infection (Labra et al. 2001) , respectively.
In all recorded cases, transformation was via a procedure that included plant cell dedifferentiation and differentiation. Now we give evidence that A. thaliana transgenic plants, obtained trough the floral-dip approach, are largely exempt from detectable genomic changes. In our analysis, the estimated PIC values were 0.75 and 0.46 (in the case of populations a and b, respectively). Furthermore, the few detected polymorphic bands occurred at a frequency that was equivalent to that detected in control populations that had not undergone transformation. Thus, the background variability detected in all populations was most likely due to pre-existing genomic variability.
It has been proposed that genomic variability in transgenic plants may result from (1) tissue cultureinduced mutagenesis (Dolezel and Novak 1984; Sebastiani et al. 1994) ; (2) pre-existing genomic variability in the original plant population, as documented in crosspollinating (Palilov et al. 1981; Pooran and Singh 2003; Pradeep and sumalini 2003) , self-pollinating (Miyashita et al. 1999; Bered et al. 2002) and cloned plants (Sala et al. 2000) ; and (3) insertion mutagenesis, whereby the foreign gene may disrupt the gene it is inserted into or close to (Koncz et al. 1992; Jong-Seong et al. 2000) .
Transgenic A. thaliana produced through floral dip is characterised by the novelty that it does not require in vitro cell culture and plant differentiation (Desfeux et al. 2000) .
Thus, this was an ideal tool to discriminate among the three proposed causes of somaclonal variation.
Our results, obtained by AFLP and RAMP analysis of non-transgenic and transgenic A. thaliana plants, show that the original population is already characterised by a low but detectable level of genomic variability. At the same time they exclude a relevant role of gene integration in somaclonal variation and point to the in vitro cell culture as the major factor inducing DNA changes. In fact, plants regenerated from callus culture showed random and frequent genomic changes. This agrees with data obtained when A. thaliana plants, derived from in vitro culture, were analysed by AFLP (Polanco and Ruiz 2002) , or by verifying embryo lethality (up to 12.4%), or chlorophyll mutations (up to 3.1%) (Gaj and Maluszynski 1987) .
The AFLP and RAMP markers are good tools to investigate the occurrence and frequency of genomic polymorphism in plants (Sala et al. 2000; Labra et al. 2001 ). The limitation is that these tools essentially analyse random or repetitive genome sequences and do not give direct information on the DNA region where exogenous genes are integrated. Thus, our results exclude events of genomic modification caused by gene integration but cannot give information on the occurrence of mutation of DNA sequences nearby the inserted T-DNA region.
The mechanism of Agrobacterium-mediated gene transfer and integration in plants have been extensively studied (Gelvin 2000; Zupan et al. 2000) . However, the distribution pattern of T-DNA integration in plants and its correlation with the integration mechanisms and genomic rearrangement are still not explicit. Studies suggest that T-DNA integration is a random process (Thomas et al. 1994; Barakat et al. 2000) , but recent studies in A. thaliana have shown that transgene insertions preferentially occur in the 3′ and 5′ regulatory regions of genes and in introns rather than in exons (Brunaud et al. 2002; Szabados et al. 2002) . This raises the possibility that the transgene may induce a mutation in the locus of its insertion. Màrton et al. (1994) reported the isolation of a nitrate-deficiency mutation in Nicotiana plumbaginifolia and showed that the low but consistent mutation frequency in the residential genes was increased two-to sixfold when protoplasts were transformed by A. tumefaciens with a non-homologous T-DNA. Therefore, they propose that the T-DNA can cause chromosomal mutation without being integrated at that position. Also, the limited co-segregation of mutation and T-DNA insert that was observed in T-DNA tagging experiments could be a result of this phenomenon (Koncz et al. 1992; Castle et al. 1993) .
The RAMP analysis gave no evidence of a DNA polymorphism in the same A. thaliana plants, whereas AFLP did. The RAMP primers used in the analysis were those previously used in A. thaliana by Wu et al. (1994) . RAMP analysis had shown polymorphism in transgenic sugarcane produced by cell electroporation (Arencibia et al. 1999 ) and in transgenic rice produced via particle bombardment and cell electroporation (Arencibia et al. 1998) . In both cases plants were differentiated from in vitro culture. Wu et al. (1994) found few polymorphic RAMP bands when comparing 11 Arabidopsis ecotypes. In the present paper, we find no microsatellite polymorphism among transgenic Arabidopsis plants, as well as in plants regenerated from callus. Based on these results, we suggest that genomic polymorphisms in A. thaliana plants obtained from callus may occur predominantly, if not exclusively, in non-repetitive sequences.
In conclusion, our results add further evidence to the fact that different transformation techniques impose different levels of stress and consequently, cause different extents of DNA changes. Thus, from a practical point of view, the choice of the transformation protocol is not irrelevant for genome stability. The floral-dip approach is here shown to avoid or to reduce DNA changes to undetectable levels. In recent years the floral-dip approach was applied to other Arabidopsis species, such as A. lasiocarpa (Tague 2001) and A. suecica (Lawrence and Pikaard 2003) . Reports on its use in other species are at present limited to Medicago truncatula (Trieu et al. 2000) and Raphanus sativus L. longipinnatus Bailey (Curtis and Nam 2000) . It is highly desirable that research is conducted to broaden its application to other plants of agronomic value. There is no reason to believe that the approach cannot be extended to other plants, including those of agronomic relevance. Clough and Bent (1998) suggest that the critical point is the availability of plants with numerous immature floral buds. After Agrobacterium treatment, conditions for floral-bud culture should be optimised case by case, as suggested by Clough and Bent (1998) , Curtis and Nam (2000) and Tague (2001) .
